During the past decade, an extensive literature has developed concerning the acute effects of particulate air pollutants on mortality in cities in the Americas and Europe (1) (2) (3) (4) . Epidemiologic studies have found a positive association between air pollution and total, respiratory, and cardiovascular mortality at pollutant exposure levels below the current United States National Ambient Air Quality Standard, and these observed effects have been similar across studies (2, 3) . However, the association of daily mortality with other pollutants has not been so thoroughly examined.
Ozone exposure is associated with an array of transient adverse respiratory effects in healthy people, as well as in people with preexisting respiratory disease, such as asthma, and with increased frequency of hospital and emergency room visits (5) . An association between ozone and mortality can also be hypothesized on the basis of knowledge of ozone's acute and intermittent pulmonary effects, combined with observations of the relation of particulate air pollutants to mortality. Epidemiologic findings (6) offer some support for this possibility.
This epidemiologic study was undertaken to evaluate the hypothesis that air pollution, with emphasis on ozone exposure, is related to excess daily mortality in Mexico City, where ozone levels range widely and exceed the United States and international air quality standards almost every day.
MATERIALS AND METHODS
This study examined daily variations in mortality in relation to air pollution in a defined area of Mexico City for the 3-year period from 1990 through 1992. Details of the research methods are provided elsewhere (7) .
Study area
The research area encompassed the Distrito Federal (Federal District) of Mexico, which includes more than eight million inhabitants, approximately 50 percent of the population of the Mexico City metropolitan area (figure 1). A small area of the Distrito Federal, with 31,944 inhabitants (Milpa Alta), was excluded because it does not have an air-monitoring station. The Distnto Federal has a young population, 30 percent of whom are under age 15 years and only 5 percent of whom are 65 or older and, consequently, a relatively low crude death rate of 5.4 X 1,000"'. Air pollution differences within Mexico City can be large due to meteorologic factors, particularly wind direction. To take this heterogeneity into account, we performed subanalyses of five geopolitically defined subareas (figure 1), each containing an air qualitymonitoring station, in addition to considering the Distrito Federal as a whole. The five areas vary in population size and death rate (table 1) .
Air pollution measurements
The Departamento del Distrito Federal supplied data on air quality and weather (tables 1 and 2). Exposure measurements were based on the nine monitoring stations with the most complete information for the study period; these stations record concentrations of sulfur dioxide, carbon monoxide, ozone, nitrogen oxides, and an array of meteorologic parameters, measured hourly, and total suspended particulates (TSP), recorded every sixth day as a 24-hour integrated measure. Air pollutant concentrations are measured using US Environmental Protection Agency standard methods: ozone by Some values of gaseous pollutant concentrations for particular stations and days were missing. Prior to estimating average levels, these missing values were imputed using the mean of all available stations with a station-specific correction factor (6) . No more than 10 percent of the values for ozone levels had to be imputed for each station for the complete series from 1990 to 1992. Missing values were treated as missing, rather than imputed, if more than 30 consecutive or more than 90 separated observations were absent in a year.
The primary metric of ozone exposure was the daily 1-hour maximum concentration, the basis of United States and international standards. The daily maximum 1-hour concentration was defined as the highest value among the valid hourly measurements for each day. Exposures to particulates, sulfur dioxide, and carbon monoxide were measured by the 24-hour mean concentration. Exposures to these agents were examined with lags of 1-4 days, as well as for the current day.
In an exploratory analysis, we also examined the association of mortality with four other indices of ozone exposure: the mean concentration for 24 hours, the mean between 8 a.m. and 6 p.m. each day, an 8-hour moving average around the daily maximum, and 3-day cumulative exposure. The 8 a.m. to 6 p.m. mean concentration was calculated as the sum of the available values during the time interval, divided by the number of valid hourly measurements; the 24-hour mean was calculated as the sum of the available measurements divided by the number of valid number of hours during each calendar day; the 8-hour moving average was computed by selecting the maximum value of the day and then determining the average of the previous 4 hours, the maximum value, and the 3 hours after the maximum value; and the 3-day cumulative index was the sum of the means for the current day and the 2 preceding days.
To estimate these exposure indicators, at least six observations per day were required. If less than six observations were available, that day was treated as missing.
Mortality data
The Instituto Nacional de Estadistica, Geografia e Inform£tica of Mexico supplied detailed, individual mortality data in the form of individual records. Each record includes age, sex, date of death, date of death registration, delegaci6n (county) of death, delegacidn of residence, and cause of death. The data were reduced to total and cause-specific numbers of deaths per day. Only deaths of residents of the Distrito Federal that occurred within the Distrito Federal were considered.
The number of daily deaths, rather than the death rate, is used as the outcome measure, since the size of the population had not substantially changed during the period. The deaths were divided into the following three groups according to the International Classification of Diseases, Ninth Revision (ICD-9): 1) respiratory diseases, including acute respiratory infection (ICD-9 codes 460-466), pneumonia and influenza (ICD-9 codes 480-487), chronic obstructive pulmonary disease and allied conditions (ICD-9 codes 490-496), pneumoconiosis and other lung diseases due to external agents (ICD-9 codes 500-508), and symptoms involving the respiratory system and other chest symptoms (ICD-9 codes 768 and 786); 2) cardiovascular diseases, defined as hypertensive disease (ICD-9 codes 401-405), ischemic heart disease and diseases of pulmonary circulation (ICD-9 codes 410-417), stroke (ICD-9 codes 430-438), and symptoms involving the cardiovascular system (ICD-9 code 785); and 3) external causes (codes E800-E999).
Data analysis
Poisson regression was used to model the daily death counts as a function of air pollution parameters while controlling simultaneously for potentially confounding covariates. To control for periodic phenomena and seasonal trends, we conducted a sensitivity analysis to test different smoothed functions of time as explanatory variables in the regression model.
An array of knotted cubic spline functions were fit to the data to directly remove the longer wavelength fluctuations (8) . A sine-cosine function was also considered as an alternative function to remove long-cycle variations. To control for possible residual cyclic variation, indicator variables for month and day of the week were also tested for inclusion in the model. Results from regressions using these functions were compared with those using only temperature (a known predictor of seasonal variations in mortality) to control for long-term cycles to select the simplest model that best explained variations in mortality.
The model that fit the mortality data best according to goodness-of-fit statistics and visual examination of residuals was developed before adding terms for air pollutants. Among different indices of temperature, the daily minimum with a 0-day lag was the best predictor of daily mortality; mean and maximum temperatures have a limited range in Mexico City. Relative humidity was also considered for inclusion but was not associated with mortality.
Other air pollutants known or suspected to be related to mortality were also evaluated. TSP, sulfur dioxide, and carbon monoxide were considered. Nitrogen oxides were hypothesized to be an ozone precursor and were not evaluated. In addition, TSP is a weaker predictor of mortality than is PM-10 (2, 3), so its validity as a measure of potential confounding by particulate pollution was evaluated by comparing the estimated association of ozone and mortality in the central area on days when both were available adjusted alternately for TSP and PM-10.
The ability to evaluate the effect of particulate matter was limited by the every-sixth-day sampling regime used for TSP. To enhance the comparability of single-and multiple-pollutant models, all analyses reported here are based only on the subset of days when TSP was available. Models for gaseous pollutants based on all available days (approximately 1,070) gave similar results for single pollutants (7) .
Regressions were stratified by age group (all ages, less than age 5 years, and age 65 years and over) to identify differential effects by age. To account for serial correlation common in longitudinal data (9) , the final models were reestimated using the iteratively weighted and filtered least-squares method (1, 10) , an extension of Poisson regression designed to account for possible overdispersion and autocorrelation. To evaluate the evidence of dose-response relation between mortality and ozone and to allow for possible nonlinearity, additional analyses were performed with ozone and TSP divided into quintiles, indicated by nominal variables.
RESULTS
The 1-hour daily maximum value of ozone was above the US standard of 120 ppb approximately 75 percent of the days (table 2) , with no apparent seasonal trend (figure 2). Other characteristics of mortality and air quality are shown in table 2. Minimum temperature, relative humidity, sulfur dioxide, and particulate matter showed strong seasonal variation (data not shown). Temperature varied from almost 0°C in December-January to 17°C in May, while the highest levels of particulates and sulfur dioxide were present during January and February, when thermal inversions typically occur in Mexico City.
TSP measurements for the central area of Mexico City were highly correlated with same-day measurements of PM-10 from the independent monitor (correlation coefficient = 0.82), with a PM-10:TSP ratio of approximately 0.50.
The four indices of ozone exposure were highly correlated. The maximum correlation was observed between the 8 a.m.-6 p.m. average and the moving average with a correlation coefficient over 0.91, since the maximum value usually occurred at 2 p.m.
Pollutant levels varied across the city (table 1) , with the highest ozone levels in the southwest, elevated TSP concentration in the southeast, and the highest sulfur dioxide concentration in the northeast. Temperature and humidity were similar across areas, however. Spatial variations were examined with pairwise correlations; gaseous pollutants were weakly correlated among the five areas, with correlation coefficients around 0.50. In contrast, there were strong spatial correlations among areas for paniculate matter, with correlation coefficients around 0.85. Total mortality peaked during the winter months. However, exploratory analyses showed that the number of registered deaths for the last day of the year dropped unexpectedly, probably due to administrative problems with death registration. Therefore, the interval December 29 to January 1 was excluded from all analyses.
Poisson regression models with minimum temperature, a spline function with six knots, and a sine-cosine function all fit the mortality time series well. Adding indicator variables for season, month, and day-ofweek effects did not significantly reduce the variance. Results using all of these methods to control for longterm trends in mortality were similar, but the model using only temperature was preferred because it has stronger biologic justification and removed long-cycle variation with the fewest variables. Only results based on this basic model are shown here. Similar results from models based on the spline function are reported elsewhere (7) . Figure 3 shows the residuals of the model with minimum temperature as the only predictor of mortality. The overdispersion parameter (10) for this basic model indicated 12 percent excess dispersion of mortality.
Total mortality, cardiovascular mortality, and mortality for those over age 65 years were associated with 1-hour maximum ozone concentration after adjustment for temperature to control for seasonal effects (table 3) . However, these rate ratios diminished after adjustment for TSP (table 3) . Similar results were obtained when maximum ozone concentration was categorized in quintiles rather than modeled as a continuous variable (figures 4 and 5). No other meaningful changes in the estimates were observed when sulfur dioxide or carbon monoxide was added with TSP already in the model.
The simple association of peak ozone concentration with total mortality was strongest in the northwest (rate ratio (RR) = 1.083 per 100 ppb) and the northeast (RR = 1.030) areas and weaker or nonexistent in the central area (RR = 1.010), the southeast (RR = 0.970), and the southwest (RR = 0.961). However, adjustment for TSP also eliminated the positive associations between ozone and mortality in all subareas except the northwest (RR = 1.030). The smaller number of deaths within subareas made confidence intervals wider at this level of analysis; the confidence interval for the northwest region before adjustment for TSP was the only one that did not include unity.
Further analyses were performed by season. Mexico City's tropical climate has only two seasons: rainy (May-October) and dry (November-April). When considered without other air pollutants, adjusting only for temperature, peak ozone concentration and total mortality were related in the rainy season (RR = 1.019, 95 percent confidence interval (CI) 1.006-1.039) and only weakly associated in the dry season (RR = 1.012, 95 percent Cl 0.993-1.032). However, with TSP also in the model, mortality and ozone concentration were not related in either season (RR = 0.994 and 0.990 for dry and rainy seasons, respectively).
Indicators of average ozone exposure were generally more strongly associated with mortality than the 1-hour maximum, particularly for cardiovascular disease mortality and among persons over age 65 years (table 4) . Cumulative exposure over 3 days was not as strongly associated, with rate ratios generally in the same range as those for the 1-hour maximum (table 4) . In general, associations involving average and cumulative ozone levels were diminished or eliminated by adjustment for TSP, like those for the peak concentration. However, an exception to this pattern was observed for cardiovascular disease mortality, for which the rate ratios remained notably elevated with TSP in the model (table 4) .
The effects of several pollutants besides ozone were also noteworthy when they were considered in separate models. The rate ratio for total mortality was 1.024 (95 percent Cl 0.984-1.062) per 100 ppb of sulfur dioxide and 1.050 (95 percent Cl 1.030-1.067) per 100 /xg/m 3 of TSP. In contrast, carbon monoxide was only weakly associated with mortality (RR = 1.013, 95 percent Cl 1.003-1.023) and was not considered further. When all pollutants were simultaneously included in the model (table 5), the rate ratio for TSP remained elevated, indicating excess mortality of 6 percent per 100 jig/m 3 (RR = 1.058, 95 percent Cl 1.033-1.083), while the rate ratio for ozone was reduced to 1.0. The rate ratio for sulfur dioxide was not notably affected by adding TSP to the model. The independent effect of TSP was stronger for respiratory mortality (RR = 1.095 per 100 /xg/m 3 , 95 percent Cl 1.013-1.184) (table 5). TSP behaved similarly when analyzed as a categorical variable (figure 6).
The effect of TSP was consistent across areas of the city (7). In contrast, TSP was more strongly related to total mortality during the dry season (RR = 1.037, 95 lutants except sulfur dioxide and disappeared with lags of 2 or more days (table 6) .
No interaction terms were significant, and no serious problems of collinearity were evident in the models, since all condition indices (an index of collinearity) were low (11) . As a control on the analytic methods, we examined the effect of ozone and TSP on deaths from external causes (data not shown). As expected, no association was found. Relative to standard Poisson regression, the use of iteratively weighted and filtered least-squares models did not materially change either the point estimates of the association of mortality with air pollutants or their precision.
DISCUSSION
Analysis of mortality among the population of Mexico City from 1990 to 1992 shows increases in deaths with air pollution levels on the same day and on the previous day. An association was observed with the daily maximum concentration of ozone, the basis of current standards (RR = 1.024, 95 percent Cl 1.011-1.039 per 100 ppb) and also with the mean concentrations of sulfur dioxide and particulate matter, when they were considered in separate regression models. However, when the effect of all pollutants was modeled simultaneously, only TSP had a noteworthy independent effect, with excess mortality increasing 6 percent per 100 /xg/m 3 . These relations were consistent across the city.
This relative increase is potentially important given the large population exposed in the Federal District. Assuming that the entire population of eight million is exposed, approximately 4,500 excess deaths per year would be associated with a change of 100 /xg/m 3 in TSP.
An exploratory analysis of other indices of ozone exposure suggested that average and cumulative exposures may be independently associated with mortality from cardiovascular diseases. Rate ratios were on the order of 1.07-1.08 for a 100-ppb increase in con- centration after adjustment for TSP, although statistical precision was limited.
Previous epidemiologic studies have yielded varied results with respect to ozone and mortality. Kinney and Ozkaynak (6) reported positive associations of mortality with ozone levels in long-term studies of Los Angeles, California, and New York City. However, subsequent analyses of data from Los Angeles indicated a relative risk of 1.02 for a 143-ppb increment in ozone concentration, with the relative risk diminishing to 1.0 when a term for particulate pollutant concentration was added to the model (12) . Ozone was also related to mortality in an analysis of data from Philadelphia, Pennsylvania, but only during the summer (13) . A study in Santiago, Chile, found no relation between same-day ozone concentration and total mortality, but ozone concentration lagged by 1 day had a relative risk of 1.04 for a 100-ppb change (14) . No association was found in Detroit, Michigan; St. Louis, Missouri; or two Tennessee cities (3, 15) . A study of infant respiratory deaths in Sao Paulo, Brazil, also indicated no association with ozone (16) .
In contrast, excess mortality is consistently associated with particulate pollutant levels in cities with differences in air pollution and population characteristics. In a meta-analysis, Schwartz (2) reported an estimated risk ratio of 1.06 (95 percent CI 1.05-1.07) for a 100-jLtg/m 3 increase in TSP mass, essentially identical to the rate ratio we observed. The overall congruence of our findings with this pattern, which has been reported in many recent studies in the Americas and western Europe (3, 4, 13, 14, (17) (18) (19) (20) , is particularly noteworthy considering that in Mexico City TSP measurements were available for only every sixth day. Mexico City also has vastly different demographic characteristics from most cities in North America and Europe and a lower crude death rate because of its young age distribution.
Our findings concerning particulates do differ in detail from those of several studies in Philadelphia, where repeated reanalyses have been carried out. In contrast to results reported by Li and Roth (21), we found the results were insensitive to the modeling approach. Unlike Moolgavkar et al. (13), we found no evidence of mutual confounding between sulfur dioxide and particulates and no evidence that the relations between pollutants changed with season. Our analysis did suggest differences in the effect of particulates by season, but interpretation is complicated by statistical imprecision and seasonal differences in the range of exposures.
Misspecification of exposure is a significant concern in environmental epidemiologic studies. We assigned air pollutant levels from fixed, outdoor monitors to individuals who died to estimate their exposure. In Mexico City, neither hospitals nor homes are tightly sealed. However, ozone is highly reactive, so levels indoors are lower than those outdoors. Reports from the southern area of Mexico City (22, 23) found ratios of outdoor/indoor concentrations of 2:1 to 3.5:1. Mexico City residents spend, on average, 2.76 hours outdoors each day (24, 25) in contrast to 1 hour or less among residents of US cities (26) (27) (28) . Thus, it appears that ozone concentrations measured by fixed monitors may overestimate actual exposure.
In this study, however, exposure measurement error is of the Berkson type because all deaths on any given day are grouped and assigned a common value for exposure and covariates. Nondifferential Berkson-type errors do not bias observed exposure-response relations (29) . Exposure measurement error in epidemiologic studies can generally be regarded as nondifferential with regard to disease status unless there is evidence to the contrary, and in this study, there is no reason to suspect any other pattern, despite undoubted imperfections in the air pollution data.
The influence of annual, seasonal, and weekly cycles on mortality was examined using various methods • IWFLS, iteratlvely weighted and filtered least-squares method for Poisson regression, developed by Samet and Zeger (1); TSP, total suspended particulates; RR, rate ratio, Cl, confidence interval.
to control for periodic mortality cycles. However, the results were insensitive to the method used to control for these variations (7) .
In other locations, excess mortality is associated with both high and low air temperatures (19, 30) . However, the temperature in Mexico City is moderate (extremes of >36°C or <0°C are almost never observed), so neither mean nor maximum temperature was strongly predictive of mortality.
While we observed associations between several air pollutants and mortality, few of these associations were statistically independent. In light of the complexity and variability of the atmospheric mixtures to which urban populations are exposed, attempts to examine the effect of ozone while controlling for other pollutants raise both philosophic and technical challenges (31) (32) (33) (34) . Statistical techniques allow one agent to be assessed while artificially holding the level of others constant, even though this situation may not exist in nature. We also found no evidence of statistical interaction between air pollutants, but causal interactions through which the occurrence of health effects is governed by specific combinations of pollutants may nevertheless be present. Fortunately, isolating the specific, biologically active pollutant responsible for empiric associations with mortality may not be neces-sary to protect public health. Pollutants produced by burning fossil fuels are interrelated, so to control their adverse effects, it may be sufficient to identify an index pollutant that consistently predicts those effects.
Our observation of an independent association between cardiovascular disease mortality and indicators of average exposures to ozone over a day or several days suggests that these indices may be worth further investigation as supplements or alternatives to the 1-hour maximum on which standards are now based. In addition, the consistency of our findings about particulate pollutants with those of numerous other studies indicates that it may be reasonable to consider particulate concentrations as an indicator for the risk associated with air pollution, a use that does not require certainty about the agent's causal role.
